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Cytokinins affect plant immunity to various patho-
gens; however, the mechanisms coupling plant-
derived cytokinins to pathogen responses have
been elusive. Here, we found that plant-derived cyto-
kinins promote resistance of Arabidopsis to Pseudo-
monas syringae pv. tomato DC3000 (Pst). Modulated
cytokinin levels or signaling activity in CKX- or
IPT-overexpressing plants or in ahk2 ahk3 mutants
correlated with altered resistance. In fact, the cyto-
kinin-activated transcription factor ARR2 contributes
specifically to Pst resistance. The salicylic acid (SA)
response factor TGA3 binds ARR2, and mutation of
TGA-binding cis-elements in the Pr1 promoter abol-
ished cytokinin- and ARR2-dependent Pr1 activa-
tion. Cytokinin treatment did not increase pathogen
resistance in tga3 plants, as the cytokinin-dependent
induction of Pr1 was eliminated. Moreover, SA
signaling enhanced binding of ARR2/TGA3 to the
Pr1 promoter. Taken together, these results show
that cytokininsmodulate the SA signaling to augment
resistance against Pst, a process in which the inter-
action between TGA3 and ARR2 is important.
INTRODUCTION
Plant growth hormones play critical roles during pathogen infec-
tion because many symptoms of plant diseases are associated
with aberrant growth and abnormal tissue development such
as tumorigenesis (Garcia-Garrido and Ocampo, 2002; Jameson,
2000; Robert-Seilaniantz et al., 2007; Walters and McRoberts,
2006; Walters et al., 2008). Expression of miR393, which targets
the auxin receptor Tir1, is upregulated by the perception of
bacterial flagellin, leading to an enhancement of pathogen resis-
tance by suppressing auxin signaling (Navarro et al., 2006).
DELLA proteins, which act as key regulators in gibberellin
signaling, function as effectors of disease resistance against
the necrotrophic pathogen Alternaria brassicicola (Achard
et al., 2008; Navarro et al., 2008). BAK1, a key component of
the brassinosteroid perception complex, interacts with the284 Developmental Cell 19, 284–295, August 17, 2010 ª2010 Elsevieflagellin receptor FLS2 and mediates early and late flagellin-trig-
gered responses independent of brassinosteroids (Chinchilla
et al., 2007).
Cytokinins, well-known growth hormones, promote cell divi-
sion, nutrient mobilization, and leaf longevity (Choi and Hwang,
2007; Hwang and Sakakibara, 2006; Mok and Mok, 2001).
It has been reported that cytokinins also affect plant disease
resistance (Jameson, 2000; Kiraly et al., 1966, 1967; Pertry
et al., 2009). Many plant pathogens secrete cytokinins or induce
cytokinin production in host plants. The hemibiotrophic actino-
mycete Rhodococcus fascians has an Isopentenyltransferase
(Ipt) gene in the fas operon and produces cytokinins. R. fas-
cians-derived cytokinins are recognized by two-component
histidine kinase cytokinin receptors in Arabidopsis, histidine
kinases 3 and 4 (AHK3 and AHK4), which are essential for
symptom development (Pertry et al., 2009). Biotrophic rust and
powdery mildew spores contain cytokinins, which may be
associated with green islands on infection sites (Kiraly et al.,
1967; Kiraly et al., 1966). However, necrotrophic fungi such as
Botrytis cinerea and Penicillium expansum do not produce cyto-
kinins (Walters and McRoberts, 2006). Therefore, it is plausible
that cytokinin-secreting biotrophs or hemibiotrophs manipulate
cytokinin signaling to regulate the host cell cycle and nutrient
allocation, processes that are prerequisite for pathogenesis
(Jameson, 2000).
On the other hand, some studies indicate that cytokinins
enhance the resistance of plants to pathogens that do not
secrete cytokinins. Elevated endogenous cytokinin levels in
tobacco lead to resistance against Tobacco mosaic virus, to
the induction of salicylic acid (SA) in the wounding response,
or to increased activities of a pathogenesis-related protein,
chitinase, in extracellular spaces (Sano et al., 1996; Synkova
et al., 2004). The application of the cytokinin dihydrozeatin to
Phaseolus vulgaris partially inhibits the accumulation of White
clover mosaic virus (Ga´lis et al., 2004). In addition, antisense
inhibition of S-adenosylhomocysteine hydrolase results in the
accumulation of cytokinins in tobacco, which may be
responsible for enhanced resistance to a broad spectrum of
plant viruses (Masuta et al., 1995). However, the regulatory
mechanism and target of cytokinins during defense responses
to non-cytokinin-secreting pathogens are still elusive.
In this study, we discovered that cytokinins promote resis-
tance against non-cytokinin-secreting pathogens by modulating
defense signaling. The responses of Isochorismate synthaser Inc.
Figure 1. Cytokinin Enhances the Resis-
tance of Arabidopsis to Pst DC3000
(A) Elevated cytokinin signaling correlates with
enhanced resistance to Pst DC3000. (left) Arabi-
dopsis leaves were inoculated with Pst DC3000
(106 cfu) with 1 mM t-zeatin (t-Z, black bars) dis-
solved in 0.1 mM NaOH. NaOH (0.1 mM) was
used as a control (white bars). (right) Leaves of
the indicated wild-type, CKX-, or IPT-overex-
pressing plants were inoculated with Pst
DC3000. Bacterial growth was scored at 3 days
postinoculation (3 dpi). Statistical differences
between groups and SE were calculated by
ANOVA (a = 0.05, n > 3). Bars that have different
letters at the top are significantly different in their
pathogen responses. Error bars indicate SE.
(B) Callose deposition is activated by cytokinin.
Five-week-old Col-0, 35S:CKX4, and 35S:IPT3
leaves were inoculated with 107 cfu of Pst hrcC
or Pst DC3000, or 1 mM flg22 for 20 hr. Callose
deposits were visualized by fluorescence micros-
copy. Callose deposits were counted in 8–12
microscopic fields of 0.9 mm2 from 8–12 different
leaves. An asterisk indicates a statistically signifi-
cant difference compared with Col-0 (p < 0.05,
Student’s t test), and two asterisks indicate
p < 0.01 (see also Figure S1). In case of Pst hrcC
treatment, statistical difference in callose
deposition between 35S:IPT3 and 35S:CKX4 is
also indicated with two asterisks (p < 0.01). Error
bars indicate SE.
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Cytokinins Promote Arabidopsis Immunity1 (Ics1), which is involved in SA biosynthesis in chloroplasts
(Wildermuth et al., 2001), to a peptide elicitor, flg22, and that of
Pr1 to Pst DC3000 or SA were hyperactivated in the presence
of cytokinins. These transcriptional alterations led to enhanced
resistance to Pst DC3000 and were disrupted in 35S:CKX4
plants, which have low endogenous cytokinin levels, or by
double knockout of the cytokinin receptors ahk2 and ahk3.
ARR2, one of the type-B response regulators (ARRs), which
function as transcription factors in cytokinin signaling (Choi
and Hwang, 2007; Hwang and Sakakibara, 2006), bound to the
promoters of defense marker genes including Pr1 in vivo and
activated their transcription. The dependence of cytokinin-
induced Pr1 expression on the NPR1 and TGA3 proteins,
regulation of ARR2 binding affinity for the Pr1 promoter by SA,
and the direct interaction between ARR2 and TGA3 indicated
that TGA3 induces binding of ARR2 to the Pr1 promoter, hence
eliciting cytokinin-dependent defense gene transcription.
RESULTS
Cytokinin Enhances the Resistance of Arabidopsis
against Pst DC3000
To investigate the role of cytokinins during plant-pathogen
interactions, we first examined the effect of exogenously applied
trans-zeatin (t-zeatin) on the growth of Pst DC3000 in Arabidop-
sis Col-0 plants. Application of 1 mM t-zeatin significantly
enhanced resistance to the pathogen, suppressing pathogen
growth by 10-fold (Figure 1A, left). This examination was furtherDevelopexpanded to include various cytokinin biosynthesis and
signaling mutants. The cytokinin receptor ahk2 ahk3 mutant
exhibited enhanced susceptibility to Pst DC3000. Application
of cytokinin to ahk2 ahk3mutants did not rescue the susceptible
phenotype, which indicated the involvement of cytokinin
signaling cascades in resistance to Pst DC3000. Cytokinin
oxidases (CKXs) catalyze the degradation of active cytokinins
to adenine or adenosine, and IPT proteins are involved in the
biosynthesis of isoprenoid cytokinins. Transgenic plants that
ectopically express Ckxs and Ipts have reduced and elevated
cytokinin concentrations, respectively (Kakimoto, 2001; Werner
et al., 2003). Overexpression of Ckx2 or 4 increased suscepti-
bility by 7.6-fold to Pst DC3000 when compared with that of
wild-type plants (Figure 1A, right). In contrast, growth of the path-
ogen on Ipt1-, 3-, 5-, or 7-overexpressing transgenic plants was
greatly reduced. In addition, plant resistance to the T3SS defi-
cient Pst hrcC correlated with the cytokinin signaling activity.
The pathogen growth in AHK3 gain-of-function ore12-1 mutant
plants or 35S:IPT3 transgenic plants was significantly reduced
compared with that in 35S:CKX4 plants, but not to that in
Col-0 (see Figure S1A available online). As the defense response
of Col-0 was fully activated against Pst hrcC, the effect of cyto-
kinins on the resistance to this pathogen was much alleviated.
The induction of callose deposition indicates the activation
of basal defenses (Clay et al., 2009). Microbe-associated molec-
ular patterns (MAMPs) such as flg22 induce callose deposition
(Gomez-Gomez and Boller, 2002). When plants were treated
with flg22, 35S:CKX4 lines showed significantly lower levelsmental Cell 19, 284–295, August 17, 2010 ª2010 Elsevier Inc. 285
Figure 2. Cytokinin and SA Synergistically Induce the Expression of Defense Genes
(A) Expression of defense marker genes is induced by cytokinin. Five-week-old plants were sprayed with 1 mM t-zeatin (t-Z) dissolved in 0.1 mMNaOH and incu-
bated for the indicated times (see also Figure S2). Plants treated with 0.1 mM NaOH were used as controls.
(B) Cytokinin activates the biosynthesis of SA during elicitor-triggered defense. Four- to 5-week-old plants were treated with 1 mM flg22 in 0.1 mMNaOH or 1 mM
flg22 with 1 mM t-Z dissolved in 0.1 mM NaOH. NaOH (0.1 mM) was used as a control. (left) The expression of a SA biosynthetic gene, Ics1 at 1 and 4 hr after
treatment is shown. (right) SA concentrations at 4 hr after treatment.
(C) The SA-dependent induction ofPr1 is altered in cytokinin transgenic plants. Plants were sprayedwith 30 mMSA and incubated for the indicated times. Relative
Pr1/Ubq1 expression ratios are shown.
(D) Cytokinin-primed expression of Pr1 during defense. Plants were pretreated with 1 mM t-Z dissolved in 0.1mMNaOH 1 day before inoculation with PstDC3000
(106 cfu). Plants treated with 0.1 mM NaOH were used as controls. (left) Expression of Arr4 and Arr6 prior to Pst DC3000 inoculation. The relative Arr4 or 6/Ubq1
expression is shown. (right) Expression of Pr1 in plants pretreated with cytokinin after challenge with Pst DC3000.
(A–D) In the case of qRT-PCR, the expression of Ubq1 was used as an internal control. Asterisks indicate statistically significant difference (p < 0.05, Student’s t
test). Error bars indicate SE.
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accumulated higher number of callose deposits in leaves than
Col-0 plants (Figure 1B), indicating that cytokinin-activated basal
defense response is triggered by the recognition of bacteria
flagella. In response to Pst hrcC, 35S:IPT3 plants had only
a marginal enrichment of callose deposits compared with Col-
0 plants, but35S:CKX4plants still showeda significantly reduced
callose deposition (Figure 1B). Consistent with enhanced resis-
tance to Pst hrcC in 35S:IPT3 plants compared with 35S:CKX4
plants (Figure S1A), 35S:IPT3 plants exhibited a significant
enhancement of callose deposition compared with 35S:CKX4
plants (p = 0.0035, Student’s t test). As Pst DC3000 suppresses
callose deposition, callose deposits could not be detected in
Col-0 and 35S:CKX4 plants in response to Pst DC3000, but
they were clearly enriched in 35S:IPT3 plants (Figure 1B).
In addition, we also examined the effect of cytokinins on the
resistance to a virulent necrotrophic fungus, A. brassicicola286 Developmental Cell 19, 284–295, August 17, 2010 ª2010 ElsevieKACC40036. 35S:CKX4 plants were more susceptible to
A. brassicicola than Col-0, resulting in enlarged lesion size
(Figures S1B and S1C) and increased number of spores
(Figure S1D). On the contrary, overexpression of Ipt3 or Arr2,
a transcriptional activator in cytokinin signaling, led to enhanced
resistance to A. brassicicola.Cytokinin Induces Expression of SA-Related Defense
Genes through Two-Component Signaling Pathways
To determine how cytokinin enhances resistance to PstDC3000,
we applied cytokinin to wild-type plants and monitored the
expression of the defense-related genes Ics1, Wrky18, and
Pr1. Expression of these genes was induced within 30 min and
reached a maximum 1 hr after cytokinin application (Figure 2A,
Ics1: 2.6-fold;Wrky18: 2.6-fold; Pr1: 9.1-fold induction). Interest-
ingly, the expression kinetics of these defense-related markerr Inc.
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cytokinin-responsive Arr4 (Figure S2).
The induction of defense-related genes is usually high during
the pathogen defense response. For example, flg22 and SA
induce the expression of Pr1 by more than 100-fold (data not
shown). However, cytokinin induced the transcription of marker
genes only marginally, by 2- to 9-fold (Figure 2A), indicating that
the effect of cytokinin on transcription during the defense
response may be negligible and insufficient for enhancing resis-
tance to PstDC3000. Therefore, the effect of cytokinin during the
flg22- and SA-induced transcription of defense genes was
examined. Within 4 hr of flg22 application, the expression of
Ics1, a key SA biosynthetic gene, was hyperactivated 2.7-fold
in the presence of t-zeatin (Figure 2B, left), which led to elevated
SA production during the flg22-elicited defense response in
cytokinin-treated plants (Figure 2B, right). Overexpression of
Ipt3 or Arr2 synergistically activated the SA-dependent tran-
scription of Pr1 (Figure 2C). In contrast, induction of Pr1 in
Ckx4-overexpressing transgenic plants was reduced to below
50% of the wild-type level by 4 hr after SA application. These
results indicate that cytokinin hyperactivates the SA-dependent
defense response, resulting in a higher pathogen resistance.
The hyperactivation effect of cytokinin on the flg22- and
SA-mediated defense response resembles the induced resis-
tance provoked by nonpathogenic bacteria or chemicals like
b-aminobutyric acid and volatile organic compounds (Conrath
et al., 2002; Ryu et al., 2004). As pretreatment with these bacteria
or chemicals does not directly induce defense responses, but
increases responsiveness when pathogens are encountered
(Hulten et al., 2006), we preinoculated Col-0 plants with t-zeatin
dissolved in 0.1mMNaOHor 0.1mMNaOH. Cytokinin treatment
led to the immediate activation of Arr4, Arr6, and Pr1, but, after
1 day, the expression of these genes returned to the basal level
observed for 0.1 mM NaOH-treated plants (Figure 2D). Interest-
ingly, when plants pretreated with cytokinins were inoculated
with Pst DC3000 at this point, they exhibited a 6.9-fold higher
induction of Pr1 after 12 hr of pathogen challenge and main-
tained on average a 2-fold higher transcript level until 48 hr after
inoculation (Figure 2D, right).
To further characterize cytokinin action in defense responses
against a bacterial pathogen, we tested whether type-B
response regulators affect pathogen growth. Among 11 type-A
and 12 type-BArrs inArabidopsis, only the type-B ARRs function
as transcriptional activators with a DNA binding domain (Hwang
et al., 2002; Mason et al., 2005). Although the amino acid
sequences of ARR1 and ARR2, which regulate various cyto-
kinin-mediated responses during plant development, are highly
similar (Hwang and Sheen, 2001), overexpression or knockout
of only Arr2 affected resistance to Pst DC3000 (with a 12.9-
fold enhancement and a 9.5-fold reduction, respectively; Fig-
ure 3A). Consistently, arr2 knockdown (arr2kd) plants exhibited
reduced resistance to the pathogen and retarded induction of
Pr1 in response to SA (Figures 3B and 3C). The perception of
cytokinins by AHKs induces the phosphorylation of ARR2 on
an aspartate residue (D80) and activates ARR2-dependent tran-
scription (Kim et al., 2006). Arr2D80N plants that ectopically
express the unphosphorylatable form of ARR2 did not mount
resistance against Pst DC3000, indicating the importance of
the cytokinin-dependent phosphorylation of ARR2 (Figure 3B).DevelopThe ectopic expression of Arr2D80N appeared to activate Pr1
expression, but it was not statistically significant (Figure 3C;
p < 0.05, Student’s t test). This marginal induction of Pr1 by
ARR2D80N might be due to its basic transcriptional activity
(Hwang and Sheen, 2001). Because cytokinin induced extensive
callose deposition, the role of ARR2 in this process was also
examined. It was found that 35S:ARR2 plants accumulated
significantly higher number of callose deposits than Col-0 plants
when inoculated with Pst hrcC or Pst DC3000, or when treated
with flg22 (Figure 3D). In addition, 35S:ARR2 transgenic plants
showed significantly enhanced resistance to Pst hrcC compared
with 35S:CKX4 plants, but not to Col-0 (Figure S1A). These
results suggest that ARR2 activity is important for the activation
of defense-related genes by cytokinins.
To test whether ARR2 directly regulates the expression of
defense-related genes, we isolated chromatin associated with
ARR2 proteins from 35S:ARR2-HA seedlings using monoclonal
anti-HA antibodies. The binding of ARR2-HA to the Arr6
promoter confirmed the functionality of ARR2-HA fusion proteins
(Figure 3E). ARR2-HA bound to the Pr1 and Pr2, but not Ubq1,
promoters (Figure 3E), indicating that transcription of cytokinin-
inducible defense genes is controlled by the direct interaction
of ARR2 with target gene promoters. The possibility that AHK
cytokinin receptors act in concert with ARR2 to promote Pr1
expression was then examined. The Pr1 promoter fused to
a luciferase gene (pPr1:Luc) was transformed into Arabidopsis
protoplasts. ThePr1 promoter showedmarginal activation in iso-
lated protoplasts following cytokinin treatment (Figure 3F), which
might be due to the preactivation of pPr1 by stress during proto-
plast isolation. However, when Arr2 was coexpressed, the cyto-
kinin-dependent induction of pPr1 was doubled. This increase
in expression was further fortified by cotransfection with
35S:AHK2-HA, 3-HA, or 4-HA, consistent with high levels of
Pr1 expression in 35S:ARR2 plants. These results suggest that
cytokinin signaling through AHKs and ARR2 directly regulates
the promoter activity of Pr genes.
The Cytokinin-Mediated Pathogen Response Requires
NPR1/TGA-Dependent SA Signaling
Because cytokinin directly activated defense signaling, we
tested whether it restores resistance to Pst DC3000 in npr1-1
or NahG-overexpressing plants. The npr1-1 mutation is a loss-
of-function allele of Npr1, which is indispensible for SA signaling
(Cao et al., 1994). NahG is a SA-degrading enzyme derived from
a soil bacterium, Pseudomonas putida (Delaney et al., 1994).
Pathogen resistance was compromised in both npr1-1 mutants
and NahG-overexpressing plants, and the application of t-zeatin
did not rescue their susceptibility (Figure 4A). The basal
expression of Pr1 was significantly reduced in npr1-1 and
NahG-overexpressing plants, and cytokinin did not restore Pr1
expression in these backgrounds (Figure 4B; p < 0.05, Student’s
t test). Interestingly, the basal expression level and extent of
induction of Arr6 were not altered in the npr1-1 mutant or
NahG-overexpressing plants (Figure S3). These results indicate
that the cytokinin-dependent expression of Pr1, but not of
Arr6, specifically requires SA, especially the NPR1-dependent
signaling cascade.
NPR1 interacts with TGA transcription factors and targets
them to the promoters of defense-responsive genes, includingmental Cell 19, 284–295, August 17, 2010 ª2010 Elsevier Inc. 287
Figure 3. Two-Component Signaling Pathways Involving ARR2 Are Responsible for the Induction of Defense Genes by Cytokinin
(A) ARR2 specifically enhances resistance to Pst DC3000. 35S:ARR1, 35S:ARR2, arr1-5, or arr2-4 plants were inoculated with Pst DC3000 (107 cfu). Col-0 plants
were used as controls. Bacterial growth was measured at 3 dpi and disease symptoms were recorded at 5 dpi. Error bars indicate SE.
(B) ARR2 phosphorylation regulates resistance to Pst DC3000. 35S:ARR2, 35S:ARR2D80N, arr2kd (arr2 knockdown), or Col-0 leaves were inoculated with
Pst DC3000 (106 cfu) and bacterial growth was scored at 3 dpi. Error bars indicate SE.
(C) The expression of Pr1 is regulated by ARR2 phosphorylation. Expression of Pr1 in 35S:ARR2, 35S:ARR2D80N or arr2kd plants at 4 hr after 30 mMSA treatment
was normalized to that in Col-0. The fold induction of Pr1 expression in Col-0 plants was normalized to 1. Asterisks indicate statistically significant changes in
expression (p < 0.05, Student’s t test). Error bars indicate SE.
(D) ARR2 activates callose deposition. Five-week-old Col-0 and 35S:ARR2 leaves were inoculated with low titers (106 cfu) of Pst hrcC orPstDC3000, or with 1 mM
flg22 for 12 hr. Callose deposits were visualized by fluorescence microscopy. Callose deposits were counted in 8–12 microscopic fields. Two asterisks indicate
a statistically significant difference (p < 0.01, Student’s t test). See also Figure S1. Error bars indicate SE.
(E) ARR2 specifically binds to defense gene promoters and the Arr6 promoter. ChIP assays were performed with anti-HA monoclonal antibodies to purify
ARR2-HA-bound chromatin. Specific primers covering regions from 0 to 150 (pPr1), 150 to 400 (pPr2), 0 to 100 (pArr6), and 0 to 100 (pUbq1) with
respect to transcription start sites were used to analyze chromatin bound to ARR2. Similar results were obtained in five experiments.
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sion requires TGA binding to the Pr1 promoter. The LS7 and
LS10 motifs in the Pr1 promoter are cis-acting elements that
harbor a TGA-binding box (Lebel et al., 1998). Mutation of either
element disrupted the SA-dependent activation of pPr1;
however, TGA2 and TGA3 bound only to the LS7 element. The
Pr1 promoter was activated by exogenous cytokinins
(p < 0.05, Student’s t test; Figure 4C). When the ACGTCATAGA
sequence of LS7 was mutated to TTTCTAGATG, cytokinin-
dependent Pr1 activation was abolished. Mutation of LS10 did
not affect cytokinin sensitivity, but the basal expression level
was reduced to 0.6-fold, as previously reported (Lebel et al.,
1998). Mutation of both LS7 and LS10 resulted in a reduced
basal level of Pr1 expression and cytokinin insensitivity. These
results indicate that the binding of TGAs to the Pr1 promoter is
required for the cytokinin responsiveness of the Pr1 gene.
ARR2 Interacts with TGA3
Because TGA binding to the Pr1 promoter is indispensible for
cytokinin sensitivity, we assumed that TGAs interact with
ARR2 and recruit it to the Pr1 promoter. Of seven NPR1-interact-
ing TGA proteins, TGA3 is the main contributor to both the basal
expression and SA-dependent induction of Pr1 (Kesarwani et al.,
2007). Thus, total lysates from ARR2-HA-overexpressing plants
were incubated with a GST-fused TGA3 protein (TGA3-GST) and
proteins bound to TGA3-GST were then pulled down with gluta-
thione 4B Sepharose beads. When visualized by HRP-conju-
gated anti-HA antibodies, ARR2-HA was found to specifically
bind to TGA3-GST, but not to GST alone (Figure 5A). Arr1 over-
expression did not affect resistance to Pst DC3000 (Figure 3A),
and ARR1-myc did not interact with TGA3-GST (Figure S4A).
Moreover, although TGA6 acts in concert with TGA3 (Kesarwani
et al., 2007), neither ARR1 nor ARR2 interacted with TGA6-GST
(Figure S4B). The in vivo interaction between ARR2 and TGA3
was further confirmed using a bimolecular fluorescence comple-
mentation system (BiFC). Full-length TGA3 and ARR2 were
fused upstream of the C-terminal half (cVenus) and the
N-terminal half (nVenus) of a Venus YFP derivative with HA
epitope, respectively. Coexpressed ARR2-HA-cVenus and
TGA3-HA-nVenus in protoplasts produced strong Venus fluores-
cence in the nucleus (Figure 5B), but ARR1-HA-cVenus and
TGA3-HA-nVenus did not have this effect (Figure S4D). ARR2
consists of a response regulator domain (RRD), an acidic tran-
scription activating domain (aD), a GARP DNA binding domain
(GD), and a P/Q-rich domain (P/QD) (Hosoda et al., 2002). To
identify ARR2 domain(s) that interact with TGA3, the RRD, aD-
GD, or P/QD domains of ARR2 were fused with HA-cVenus,
and their interactions with TGA3-HA-nVenus were examined.
The acidic transcription activating and GARP DNA binding
domains (aD-GD) were sufficient for interaction with TGA3 in
the nucleus (Figure 5B). In contrast, cotransformation of RRD-
HA-cVenus or P/QD-HA-cVenus with TGA3-HA-nVenus did not
yield a detectable fluorescence signal. Each domain was(F) AHKs synergistically activate pPr1 with ARR2. Protoplasts were cotransfecte
t-zeatin (t-Z, black bars) dissolved in 0.1 mM NaOH or 0.1 mM NaOH as a contr
indicate SE.
For (A) and (B), statistical difference between groups and SEwere calculated by A
different in their pathogen responses.
Developexpressed in the nucleus (Figure S4E). These results indicate
that ARR2 interacts specifically with TGA3 in vivo through the
aD-GD region. However, there was no cytokinin effect on fluo-
rescence signal intensity (data not shown). Consistently, the
mutation of cytokinin-induced phosphorylation residue in
ARR2 (ARR2D80N) did not affect the interaction with TGA3-GST
(Figure S4C). NPR1 interacts exclusively with the DNA-unbound
form of TGA3 and enhances its binding affinity for the LS7
motif. However, as the transcription regulatory complex binds
to cis-acting elements and forms a protein-DNA complex to
modulate transcription of target genes, it is more likely that
ARR2 interacts with the DNA-bound form of TGA3 to form a tran-
scription activator complex. To test this possibility, we pulled
down 32P-labeled LS7 DNA bound to TGA3 with ARR2DP/Q-
GST (ARR2 without the P/Q rich domain) or with GST. When
resolved by SDS-PAGE, LS7 pulled down by ARR2DP/Q-GST
exhibited much stronger radioactivity than that pulled down by
GST (Figure 5C), but cytokinin treatment did not affect the inter-
action of ARR2with the TGA3/LS7 complex. This result indicates
that ARR2-TGA3 forms an interacting complex on the Pr1
promoter.
TGA3 May Recruit ARR2 to the Pr1 Promoter
to Enhance Resistance to Pst DC3000
We further analyzed whether the transcriptional activation of Pr1
by ARR2 requires TGA binding to the LS7 cis-acting element of
the Pr1 promoter. Overexpression of Arr2-HA and Tga3-HA
resulted in a 2.6-fold activation of the Pr1 promoter (Figure 6A).
However, even in the presence of excessive amounts of the
ARR2-HA and TGA3-HA proteins, the LS7 mutation abolished
the cytokinin-dependent activation of the Pr1 promoter, but the
LS10 mutation still permitted cytokinin sensitivity. Similar to the
LS7mutation alone, mutations of both LS7 and LS10 completely
disrupted the cytokinin-dependent enhancement of Pr1 activity.
These results suggest that TGA2/3 binding to the LS7 element is
required for the recruitment of ARR2 to the Pr1 promoter. The
physiological role of TGA3 during the cytokinin-mediated
defense response in planta was further examined by inoculating
tga3 knockdown plants (SALK_086928; tga3kd) with Pst DC3000
together with cytokinin. Although the resistance to Pst DC3000
of tga3kd plants was comparable to that of Col-0 plants in the
absence of cytokinins (Figures 6B and 6C) as TGA3 was not
completely knocked out (Figure S5), cytokinin treatment did
not activate Pr1 expression nor enhance resistance to the path-
ogen, suggesting that the TGA3 level is critical for mediating the
cytokinin-dependent defense response.
The interaction of TGA3 with ARR2 suggested that TGA3 may
recruit ARR2 to defense gene promoters when SA signaling is
activated. To this end, 35S:ARR2-HA plants were treated with
SA and chromatin associated with ARR2 proteins was isolated
using monoclonal anti-HA antibodies. This experiment showed
that binding of ARR2 to the Pr1 promoter was substantially
increased by 2.7-fold when SA was applied (Figure 6D). Takend with pPr1:Luc and the indicated effector constructs and treated with 1 mM
ol (white bars) for 2 hr. Ubq10:Gus was used as an internal control. Error bars
NOVA (a = 0.05, n > 3). Bars that have different letters at the top are significantly
mental Cell 19, 284–295, August 17, 2010 ª2010 Elsevier Inc. 289
Figure 4. NPR1- and TGA-Dependent SA Signaling Is Required
for the Cytokinin-Dependent Activation of Defense Responses
(A) Cytokinin cannot rescue the pathogen susceptibility of npr1-1 and NahG-
overexpressing plants. Leaves were inoculated with Pst DC3000 (106 cfu)
with 1 mM t-zeatin (t-Z, black bars) dissolved in 0.1 mM NaOH or 0.1 mM
NaOH as a control (white bars) and bacterial growth was measured at 3 dpi.
Statistical differences between groups and SE were calculated by ANOVA
(a = 0.05, n > 3). Bars that have different letters at the top are significantly
different in their pathogen responses. Error bars indicate SE.
(B) Induction of Pr1 by cytokinin is abolished in npr1-1 and NahG-overex-
pressing plants. Plants were sprayed with 1 mM t-Z dissolved in 0.1 mM
NaOH and incubated for 1 hr (black bars). Expression of Pr1 was normalized
to that of Ubq1 and the Pr1/Ubq1 relative ratio is shown. Plants treated with
0.1 mM NaOH were used as controls (white bars). Asterisks indicate statisti-
cally significant induction (p < 0.05, Student’s t test). See also Figure S3. Error
bars indicate SE.
(C) Binding of TGAs to pPr1 is required for cytokinin-dependent induction.
Normal pPr1:Luc (wt) or pPr1:Luc mutant constructs (LS7, LS10, and LS7
LS10) were introduced into Arabidopsis protoplasts. t-Z (1 mM, black bars) dis-
solved in 0.1 mMNaOH or 0.1 mMNaOH as a control (white bars) was applied.
Ubq10:Gus was used for normalization. Statistically significant induction of
LUC activity by cytokinin (p < 0.05, Student’s t test) is indicated with two aster-
isks. Error bars indicate SE.
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290 Developmental Cell 19, 284–295, August 17, 2010 ª2010 Elsevietogether, it is plausible that the SA signal recruits the ARR2-
TGA3 complex to defense-related promoters to maximize the
immunity to Pst DC3000 together with cytokinins.
DISCUSSION
This study explored the cytokinin-regulated defense mechanism
in response to a noncytokinin-producing pathogenic bacterium,
Pst DC3000, at the transcriptional level. Elevated levels of
endogenous cytokinins in Ipt overexpression plants as
perceived by the AHK2/AHK3 receptors exerted a defense
response, which resulted in enhanced resistance against Pst
DC3000. Moreover, pathogen growth in the T3SS mutant Pst
hrcC was correlated with cytokinin activity. Cytokinin-mediated
plant immunity was disrupted in ahk2 ahk3 mutants. Among 12
type-B ARRs in Arabidopsis, only ARR1, 10, and 12 are known
to be redundantly involved in root development (Argyros et al.,
2008; Ishida et al., 2008). Although ARR1 and ARR2 share high
sequence similarity, only ARR2 is involved in leaf senescence
and the ethylene response (Hass et al., 2004; Kim et al., 2006).
Therefore, it is likely that protein(s) that specifically interact
with each type-B ARR, especially ARR1 and ARR2, determine
their specificity for the expression of target genes. ARR2 induced
expression of Pr1, a marker gene for plant immunity, and this
induction required NPR1 and TGA3. Binding of TGA3 to the
Pr1 promoter was required for the cytokinin- and ARR2-depen-
dent induction of Pr1 and resistance to Pst DC3000. These
results suggest that TGA3 specifically interacts with ARR2 and
recruits it to the Pr1 promoter. However, the recruitment of
ARR2 to the Pr1 promoter alone does not fully activate Pr1
expression. In the presence of cytokinins, TGA3-interacting
ARR2 is activated by phosphorylation of the D80 residue, which
leads to the enhanced expression of Pr1. In tga3 knockdown as
well as in npr1-1 plants, TGA3 cannot bind the Pr1 promoter, and
thus ARR2 proteins do not associate with the Pr1 promoter. As a
result, cytokinins cannot induce Pr1 expression in the absence
of NPR1. However, as the cytokinin-dependent induction of
Arr4 and Arr6 does not require TGA3, the expression of cyto-
kinin-responsive Arrs is not affected in the npr1-1mutant. These
results suggest that plant-derived cytokinins enhance resistance
against non-cytokinin-producing pathogens via the direct induc-
tion of defense-related genes, in cooperation with SA, by modu-
lating the NPR1/TGA3-mediated signaling output (Figure 7).
In contrast to endogenous cytokinins, pathogen-derived cyto-
kinins enhance pathogenicity by eliciting an abnormally strong
cytokinin response, which induces aberrant growth or dediffer-
entiation of host cells. For example, R. fascians secretes several
species of cytokinins recognized by AHK3/AHK4 receptors,
while activating Ahk4 expression to extensively increase cyto-
kinin sensitivity. Arabidopsis CKXs are induced to degrade
bacterial cytokinins; however, cis-zeatin and 2-methylthio-cis-
zeatin from pathogens accumulate in infected tissues because
they are not CKX substrates. These observations imply that
high levels of pathogen-derived cytokinins, together with the up-
regulation of cytokinin sensitivity in host cells, induce pathogen
susceptibility at local infection sites, enough to reroute the host
cell cycle (Pertry et al., 2009). However, plant-derived cytokinin
signaling activity during the host-Pst interaction could be consid-
erably lower than that during the host-R. fascians interaction duer Inc.
Figure 5. ARR2 Interacts with TGA3
(A) ARR2 and TGA3 interact in vitro. TGA3-GST
fusion proteins were expressed in E. coli and puri-
fied. Protoplast lysates overexpressing ARR2-HA
were incubated with purified proteins and pulled
down with glutathione 4B Sepharose. TGA3-
GST-bound proteins were visualized with anti-HA
HRP antibodies. The GST protein was used as
a negative control. See also Figure S4.
(B) ARR2 interacts with TGA3 through the activa-
tion domain (aD)-GARP domain (GD) in vivo. Full-
length ARR2, the response regulator domain
(RRD), the acidic transcription activating and
GARP DNA binding domains (aD-GD), or the P/Q
rich domain (P/QD) of ARR2 was fused to the
Venus C terminus (cVenus) with HA epitope.
TGA3 was fused to the Venus N terminus (nVenus)
with HA epitope. Protoplasts were cotransfected
with the indicated constructs. The interaction of
ARR2-HA-cVenus or aD-GD-HA-cVenus with
TGA3-HA-nVenus leads to the reconstruction of
Venus and is detected as fluorescent signals.
The coexpression of each pair of proteins was
confirmed by immunoblots with anti-HA HRP anti-
bodies. See also Figure S4.
(C) ARR2 interacts with the DNA-bound form of
TGA3. The P/Q rich domain of ARR2 was removed
due to the insolubility of full-length ARR2 protein
expressed in E. coli (ARR2DP/Q). In vitro trans-
lated TGA3 bound to radiolabeled LS7 was pulled
down with purified ARR2DP/Q-GST. The pulled-
down portion was electrophoresed and radioac-
tivity was detected on an X-ray film.
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mainly targets t-zeatin and 2-isopentenyladenine. Under this
condition, adequate induction of cytokinin signaling activates
defense responses upon infection without causing plant growth
defects.
Interestingly, in addition to the direct activation of defense-
related genes through ARR2, cytokinins primed plant cells for
the potentiated activation of defense-related genes. Pretreat-
ment with cytokinin conferred hyperactivation of Pr1 transcrip-
tion after Pst DC3000 inoculation. Priming, which elicits a faster
and stronger defense response upon pathogen infection, is crit-
ical for pathogen resistance. Nonpathogenic bacteria, chemi-
cals like b-aminobutyric acid, and organic volatiles have been
reported to trigger priming (Conrath et al., 2002; Ryu et al.,
2004). These agents often require the signaling activity of plant
stress hormones such as abscisic acid, SA, or jasmonic acid,
but there is no evidence for a role of growth hormones such
as cytokinins for priming. We also found that cytokinins
enhance resistance to a virulent necrotrophic fungus, A. brassi-Developmental Cell 19, 284–295cicola KACC40036. Because the
defense response to A. brassicicola is
mediated solely through the jasmonic
acid signaling cascade, cytokinins may
activate several defense systems by
potentiating priming in plants and thus
enhancing resistance to a variety of
pathogens.Cytokinins are enriched in the shoot apical meristem and
immature leaves (Corbesier et al., 2003; Sakakibara, 2006;
Werner et al., 2003). They regulate cell proliferation/differentia-
tion in this meristem and increase the nutrient sink activity
of young tissues to support their growth. Maintaining the func-
tionality of these tissues at early developmental stages is critical
for proper plant growth and development. In rice, cytokinins
increase crop productivity by enhancing inflorescence meristem
activity (Ashikari et al., 2005; Kurakawa et al., 2007). Elevated
cytokinin levels keep cellular redox potentials high during
drought and reduce damage from reactive oxygen species,
leading to extreme drought tolerance in tobacco (Rivero et al.,
2007). Based on these findings, it seems that cytokinins reinforce
plant viability by simultaneously increasing growth potential and
resistance to biotic and abiotic stresses. Although priming has
gained attention for minimizing fitness costs during the defense
response by optimizing energy allocation, priming is still associ-
ated with a nonnegligible loss of growth potential or reduced
grain yields. On the other hand, a cytokinin-mediated defense, August 17, 2010 ª2010 Elsevier Inc. 291
Figure 6. The Interaction of ARR2 and TGA3 Is Required for the Cytokinin-Dependent Activation of Pr1
(A) Binding of TGA3 to pPr1 is required for cytokinin-dependent induction. Normal pPr1:Luc (Wt) or pPr1:Luc with mutations (LS7, LS10, and LS7 LS10) was
cotransfected with the indicated effector constructs. 35S:meR7GFP was used as a control. t-zeatin (t-Z; 1 mM, black bars) dissolved in 0.1 mM NaOH or
0.1 mM NaOH as a control (white bars) was applied. UBQ10:GUS was used for normalization. Statistically significant induction of LUC activity by cytokinin
(p < 0.05, Student’s t test) is indicated with two asterisks. Error bars indicate SE.
(B) Cytokinin cannot induce the expression of Pr1 in tga3 knockdown plants. Leaves of Col-0 or tga3kd plants were inoculated with PstDC3000 (106 cfu) for 1 day,
with 0.1 mM NaOH as a control (white bars) or 1 mM t-Z (black bars) dissolved in 0.1 mM NaOH . See also Figure S5. Error bars indicate SE.
(C) Cytokinin cannot enhance resistance toPstDC3000 in tga3 knockdown plants. Leaves of Col-0 or tga3kd plants were inoculated withPstDC3000 (106 cfu) and
1 mM t-Z (black bars) dissolved in 0.1 mM NaOH. NaOH (0.1 mM) was used as a control (white bars). Bacterial growth was measured at 3 dpi and disease symp-
toms were recorded at 5 dpi. Statistical differences between groups and SE were calculated by ANOVA (a = 0.05, n = 5). Bars that have different letters at the top
are significantly different in their pathogen responses. See also Figure S5. Error bars indicate SE.
(D) SA enhances ARR2 binding to the Pr1 promoter. ARR2-HA-bound chromatin in 35S:ARR2 plants with or without 30 mM SA treatment was isolated by ChIP
with anti-HA monoclonal antibodies. The specific primers covering regions from 0 to150 of the Pr1 promoter with respect to transcription start sites were used
for the analysis of chromatin bound to ARR2. Col-0 plants were used as a negative control. The average fold enrichment of the Pr1 promoter bound to ARR2 in
35S:ARR2 by SA compared with Col-0 is shown (n = 3). Error bars indicate SE.
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economically competitive crop plants, as an increased cytokinin
signaling output can enhance multiple pathogen resistance
without affecting plant growth, or can even allow increases in
plant biomass regardless of energy compensation for defense
responses.
EXPERIMENTAL PROCEDURES
Plant Growth, Treatment Conditions, and Statistical Analysis
Seeds of wild-type and mutant plants (all ecotype Columbia-0) were germi-
nated on 1/23 B5 medium with 1% sucrose and 0.8% agar. Young seedlings
were transferred to soil and grown at 22C under short day (10 hr light /14 hr
dark) conditions for 5 weeks. For the ChIP assay, seedlings were further grown
on this medium for up to 2 weeks. For qRT-PCR, 5-week-old plants were
sprayed with 1 mM t-zeatin or 30 mM SA, or were syringe-inoculated with
1 mM flg22. To test virulence, two leaves per plant were inoculated by syringe
with a PstDC3000 orPst hrcC suspension, and pathogen growth was assayed
after 3 days. ANOVA (a = 0.05; false-positive error rate) was employed for292 Developmental Cell 19, 284–295, August 17, 2010 ª2010 Elseviestatistical testing of pathogen growth with more than three samples (Spoel
et al., 2007, 2009; Tsuda et al., 2008; Wang et al., 2009). For callose deposit
staining, leaves were harvested 12 or 20 hr after inoculation and then cleared
with 100% ethanol. Leaves were washed with water and stained with aniline
blue (150 mM K2HPO4 [pH 9.5]; 0.05% aniline blue) for 30 min. Stained callose
deposits were visualized and photographed with the same exposure time and
magnification by fluorescence microscope with UV filter (long-path 420 nm;
Carl Zeiss, Axiovert 200). Number of callose deposits was determined
using imageJ software (http://www.uhnres.utoronto.ca/facilities/wcif/imagej).
Four- to five-week-old plants were inoculated with 5 ml droplets of a 106
spores/ml suspension of A. brassicicola KACC40036 on five leaves per plant.
Five days after inoculation, lesion spreading was visually examined and diam-
eters were measured. Inoculated leaves were boiled for 1 min in lactophenol-
blue solution (Fluka) and decolorized in chloral hydrate solution (Fluka) for at
least 30 min before being photographed. All error bars in figures reflect the
SEM unless otherwise indicated.
RNA Extraction and Gene Expression Analysis
Total RNA was extracted with Trizol (Invitrogen) as per the manufacturer’s
instructions. For qRT-PCR, DNA contamination of RNA samples was removedr Inc.
Figure 7. Cytokinins Synergistically Interact with SA to Induce Pr1
Expression through the TGA3-Interacting ARR2 Transcription
Factor
In cytokinin-rich tissues, TGA3 interacts with and recruits activated ARR2 to
the Pr1 promoter, leading to hyperactivation of Pr1, as indicated by a bold
arrow at the Pr1 promoter. In npr1-1 plants, TGA3 and ARR2 cannot bind to
the Pr1 promoter leading to compromised Pr1 induction by SA and cytokinins.
On the other hand, ARR2 binding to type-A Arr promoters is independent of
TGA3 or NPR1 and thus cytokinin-dependent induction of type-A Arrs is not
affected in the npr1-1 mutant.
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Transcription System (Invitrogen). Gene expression was quantified with
gene-specific primers and SYBR Premix Ex Taq (Takara) in a LightCycler
(Roche). Statistically significant expression differences measured by qRT-
PCR were determined by Student’s t test with p < 0.05.Protoplast Transient Expression Assays
Arr2 and Ahk cDNAs were fused to the hemagglutinin (HA) epitope coding
sequence in a plant expression vector containing the 35SC4PPDK promoter
and the NOS terminator. Arabidopsis protoplasts were isolated and
transfected as previously described (Hwang and Sheen, 2001). For transient
expression assays, the pPr1:Luc reporter gene was cotransfected with Arr2Developand meR7GFP, Ahk2, Ahk3, or Ahk4 constructs into protoplasts. Transfected
protoplasts were incubated for 6 hr for protein expression and were untreated
or treated with 1 mM t-zeatin for 1 hr. The Ubq10:Gus construct was used as
an internal control. The LS7 and LS10 elements of the pPr1:Luc construct
were mutated by site-specific mutagenesis as previously described (Lebel
et al., 1998).Protein-Protein Interaction Assays
For the GST pull-down assay, the Tga3 and Tga6 cDNAs were fused to theGst
sequence in the vector pGEX5X-1. TGA3-GST and TGA6-GST fusion proteins
were induced in Escherichia coli strain RIL by IPTG. Expressed proteins were
bound to glutathione Sepharose 4B resin (GE Healthcare) and washed three
times with IP buffer (50 mM Tris-Cl [pH 7.5], 200 mM NaCl, 5 mM EDTA
[pH 8.0], 1% Triton X-100, 13 complete protease inhibitor cocktail [Roche])
for purification. Protoplast lysates expressing ARR1-myc, ARR2-HA, or
ARR2D80N-HA proteins were mixed and incubated for 1 hr and then washed
three timeswith IP buffer to remove nonspecifically bound proteins. Interaction
was visualized by western blotting with anti-HA HRP antibodies (Roche) or
anti-myc and anti-mouse HRP antibodies (Cell Signaling). Expression of GST
fusion proteins was confirmed by Coomassie blue staining of the membrane.
For BiFC assays, full-length Arr1, Arr2, or Arr2 domains were amplified from
cDNA and fused to theHA-cV sequence in a plant expression vector under the
control of the 35SC4PPDK promoter (Sheen, 1996). Tga3 cDNA was fused to
theHA-nV sequence in the plant expression vector. Fusion constructs (6 mg) of
HA-cV and full-length Arr1, Arr2, or Arr2 domains were cotransfected with the
Tga3-HA-nV fusion construct (14 mg) into 2 3 104 Arabidopsis protoplasts,
which were incubated 5 hr for protein expression. To confirm the subcellular
localization of each ARR2 domain, GFP or mRFP fusion constructs were trans-
fected and expressed for 5 hr in protoplasts. Fluorescence fromBiFC and GFP
was visualized with a LSM 510 Meta system confocal microscope (Carl Zeiss
MicroImaging). Coexpression of HA-nVenus and HA-cVenus fusion constructs
was confirmed by immunoblot with anti-HA HRP antibodies.Chromatin Immunoprecipitation and In Vitro ChIP
ChIP was performed as previously described (Ryu et al., 2007). Protein-DNA
complexes were isolated from 2-week-old 35S:ARR2-HA seedlings or
5-week-old Col-0 and 35S:ARR2-HA plants. High-affinity anti-HA antibodies
(Roche) were used to precipitate chromatin bound to the ARR2-HA protein,
and BSA or Col-0 plants were used as a negative control. Each promoter
was amplified using three different primer pairs that overall amplify 0 to 900
bp from the transcription start site at 300 bp intervals. A pair of gene-specific
primers yielding the clearest discrimination between control and immunopre-
cipitated samples was chosen. For in vitro ChIP, Arr2DP/Q cDNA was fused to
theGST sequence in the vector pGEX5X-1. Tga3 cDNAwas cloned into pBlue-
script II SK(+) containing the T3 promoter. For in vitro translation, the TNT T3
coupled wheat germ extract system (Promega) was used according to the
manufacturer’s instructions. The LS7 probe was synthesized, annealed and
labeled with p32-g-ATP using T4 polynucleotide kinase (New England Biolabs)
and then purified on a G-25 column (GE Healthcare). LS7-TGA3 binding was
carried out in 30 ml binding buffer (20 mM HEPES-KOH [pH 7.5], 100 mM
KCl, 2.5 mM MgCl2, 2 mM DTT, 20% glycerol, 1 mg BSA) with translated
TGA3, ARR2DP/Q-GST, or GST and labeled probe, then pulled down with
glutathione 4B Sepharose (GE Healthcare). The LS7-TGA3 complex bound
to ARR2DP/Q-GST was resolved by SDS-PAGE, and radioactivity from LS7
was detected.SA Measurement
Five-week-old Col-0 plants were syringe-inoculated with 1 mM flg22 or 1 mM
flg22 together with 1 mM t-zeatin. After 4 hr, inoculated leaves were weighed
and freeze-dried. SA content was measured as previously described (Forcat
et al., 2008).SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures and can be found with this
article online at doi:10.1016/j.devcel.2010.07.011.mental Cell 19, 284–295, August 17, 2010 ª2010 Elsevier Inc. 293
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